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Abstract. LaGaQ crystals doped with B ions were grown  Ho®*, and Tn#t ions. Hence many oxide crystals (among
by the Czochralski method and their optical properties wer@ethers YAG [12], YAIO; [12, 13], YVOq4 [14], Y2SiOs [15])
examined. The Bt energy levels have been determined fromas well as fluoride crystals (for example LafiYF, [12,

the low-temperature absorption and emission spectra. THE3]) and glasses [16] have been investigated in detail with
results of Judd—Ofelt analysis are presented and compared special interest put on the transitions arounB5im
with experimental data. The emission cross sections are detdtl13, — “l152) and 28 um (41112 — “l13/2). The results
mined for the®l13, — 4152 (1.55um) and 411, — “l132  obtained for erbium-doped LaGa0n this work are com-
(2.85um) transitions of erbium. pared with those for some other¥rdoped materials.

PACS: 42.70.Hj; 78.20 -e; 78.55-

1 Crystal growth and experimental

Lanthanum orthogallate LaGa®elongs to the wide group

of the compounds of general ABJormula (A — rare earth LaGaQ:Er*t crystals investigated were grown by the
ion, B — Al, Ga, Fe, Cr, V) and crystallise in a distorted per-Czochralski method in a nitrogen atmosphere from a stoichio-
ovskite structure [1]. At room temperature (RT) the crystalmetric mixture of LaOs, Ga0s, and EpOs oxides. The Bt
belongs to the centrosymmetric space gr&gmm (ortho-  concentration in the melt was&%, 28%, and 4%. In order to
rhombic) but at higher temperatures undergoes phase trangibtain crystals with minimised density of twins and of a good
tions. At temperature of about 148& the first-order phase optical quality, oriented seeds were usédiOQ) direction)
transition accompanied by a structural transformation to théor growth [4]. However, despite this, the optical quality of
rhombohedral groufR3c takes place [2, 3]. At temperature obtained crystals was not satisfactory. The best quality was
of about 1180C a second-order transition without struc- obtained for the lowest doped crystal, which was transpar-
tural changes was detected [3]. The existence of phase traent with some traces of micro-twins, mainly along the growth
sitions is a main obstacle to grow crystals of a good optidirection. The higher doped crystals were partially milky,
cal quality, as they tend to become twinned [3, 4]. The firstcontaining large amounts of micro-twins and possibly also
LaGaQ crystals investigated were grown by a solid state reof nonstoichiometric inclusions. The erbium concentration
action [5] or from a flux [6]. However, after stating their very obtained from the microprobe analysis was aba@b6@t %,
good lattice and thermal expansion matching to the Aigh- 0.3 at%, and (b at % respectively. Taking into account the
superconducting YB&ZLuO7 (YBCO) films [7], the technol-  results obtained for the transparent, low-doped crystal, the
ogy of LaGaQ crystal growth has significantly improved. segregation coefficierk for Er** in LaGaQ is about 03.
Single crystals grown by the Czochralski method are nowaAll Er3+-doped LaGa@ crystals investigated were orange,
days commonly used as substrates for the growth of supesimilar in colour to the undoped crystal probably due to large
conducting films [2—4, 8]. amounts of crystal host defects [3].

From the point of view of optical applications LaGa(3 The absorption spectra were measured with a 2400 Cary
also an interesting host, as it allows substitution in th&"La (Varian) spectrophotometer. Luminescence spectra and life-
site by rare-earth (RE) luminescélatser ions or in the dis- times were measured after excitation with an optical para-
torted octahedral G4 site by transition-metal ions. Recently, metric oscillator (OPO, Continuum, 7 ns pulse, 10 Hz) or
spectroscopic properties of LaGaQrystals doped with by frequency-doubled Nd:YVQ (Millenia, 200 mW, CW
neodymium [9], chromium [10], vanadium and cobalt [11] 531 nm line) in a typical set-up consisting of a GDM 1-m
have been investigated. In this paper optical properties afr a SPEX (6-m grating monochromator, a cooled pho-
erbium-doped LaGagare presented. Er-doped materials aretcomultiplier applied for the visible (VIS) range or a Ge
still of interest because of the growing application range fodiode for the infrared (IR) range, a SRS 250 boxcar inte-
mid- and far-infrared lasers, based so far mainly oR*Er grator or a SRS lock-in amplifier and a personal computer.
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The low-temperature (5 K) measurements were performed in o0 wavelength [nml. 000

a continuous-flow helium cryostat (Oxford CF 1204). 30 . . : .
Due to the presence of large amounts of twins and pos-

sible other phases the orientation of the samples was nét ,s | Hyp,
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In Fig. 1 the room-temperature absorption spectrum of
LaGaQ:Ert is presented. Apart from the typical bands
due to the Eft (4f11) intraconfigurational transitions, some
strong and broad bands give rise to the absorption for wave-
lengths shorter than 650 nm. Those bands are probably due
to various types of defect centres present in this type of crys-
Fal, as they are observed also for undoped crystal (s_ee F_ig. Lo 1 Absorption frum of a L 3+ crystal %) recor
inset). The nature of those bands has not been studied in dﬁ,'gRT. Inbtiz ?ns()et tsh’:)eegbgorp(tJi021 ssgi:?rcz;i of aCLg”:%@gFoir?/sta)l ai%%glzg
tail yet. Up to now it was stated only that growth conditions, 100 h at 800C (curve 1) and undoped LaGaQas received” crystalgurve
gas atmosphere, and temperature influence the colour of tiakare presented
crystals but the efforts to remove the colour were not suc-
cessful yet [3]. For the crystals investigated in this work long
annealing (ca. 100 h) at 80C of both doped and undoped Ertt-doped LaGa@ crystals exhibit typical B lumi-
crystals was performed. As is seen from the Fig. 1 (insetjnescence from*Ss,, *Fg/2, 11172, and 4132 multiplets
the annealing procedure influences partially the absorptio(Fig. 2) as well as green “up-converted” luminescence from
spectra, as the intensity of the absorption band about 500 nfiss;» multiplet. The low-temperature spectra of luminescence
significantly decreases for doped crystals and the crystals beerminating at the groundl s/, state permit us to determine
come yellow. Similar changes are observed after irradiatiothe position of its Stark components. As an example, in Fig. 3
of the sample with visible light of a high intensity (OPO, the well-resolved eight components due to 8, — *l152
531 nm line of doubled Nd:YV@. The systematical study transition are presented.
of those defects could be performed in order to improve the The lifetimes of main erbium multiplets measured at RT
growth technology of these crystals but was not the goal oénd 5 K are listed in Table 2. In the investigated range of rela-
the present work. tively low Er** concentrations, its effect on the lifetime is not
From the absorption measurements performed at low tenpronounced and one can assume the negligible contribution
perature it was possible to determine the position of'Er of the concentration quenching processes on the transition
energy levels up to théF7,, multiplet (Table 1). Higher ly- rate. The uncertainty of the lifetime values measured for the
ing EF* bands are overlapped by much stronger bands duliiz;» — *l15 transition is determined by the experimental
to defects and could not be determined precisely. The nuntonditions and by the radiation trapping effect which tends
ber of Stark split components at low temperature is for alto lengthen the experimentally measured lifetime, see for ex-
observed transitions consistent with the expected number @fmple [17]. The values listed in Table 2 have been obtained
(2J+1)/2. after the resonant excitation of pertinent levels with the OPO.
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Tablel. Energy of Stark levels of Ef

multiplets in LaGa@ crystal, overall EF Energy levelgen! Overall Experimental Calculated
splittings of the multiplets and oscilla- multiplet Spllttl?g/ oscillator oscillator
tor strengths due to the electric-dipole cm- strength strength
transitions from the groundlls/g to the fexp x 107 feaic(ed)x 10"
higher multiplets. Experimental oscillator
strengthsfexp were determined from the 4F7/2 20479, 20536, 20587, 20648 169 2.20 2.00
absorption spectrum, calculated values ?Hi1/2 19124, 19150, 19177, 19205, 146 10.81 10.80
were obtained from a standard Judd— 19251, 19270
Ofelt analysis 4S50 18422, 18479 57 0.53 0.39
4Fg/2 15266, 15334, 15375, 15390, 155 3.81 3.84
15421
4I9/2 12395, 12425, 12592, 12609, 203 0.80 0.72
12678
4112 10265, 10277, 10298, 10320, 93 0.50 0.43
10346, 10358
41372 6581, 6622, 6654, 6677, 214 1.64 (ed+md)
6732, 6749, 6795 0.99 (ed) .aB7 (ed)
0.65(mad)*
4152 0, 38, 161, 191, 212, 322, 437

350, 437

* the contribution of magnetic-dipole component was calculated according to (3)
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Table2. Lifetime of the EF* main multiplets in LaGa@crystals investi-
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Fig.3. Luminescence spectrum of LaGaPr+ (0.3at%) due to the
4%/2 — 4|15/2 transition recorded at 5K

The emission from thél 13/, level is much stronger when ex- wherex is the average wavelength of the transitiaris the
citing the #l11/2 level. The %l13» decay curves in this case index of refraction of the materiah(= 2.17 for LaGaQ), £2;

are presented in Fig. 4 for all crystals investigated. The curveare phenomenological parameters {a(hti‘ ||) are the doubly-

can be fitted with a good accuracy by the following equationreduced unit tensor operators calculated for the intermediate
coupling case, tabulated for example in [23]. The oscilla-
tor strength for a magnetic-dipole transition is given by the
equation
which is the solution of rate equations connecting three in-

volved levels“l11/5, 4132, and %l15/2, where A, B are pa-

e L. . e nh
rameters,r; and r» are the lifetimes (inverse of transition f —_—
rates) from*l13» and 4112 levels, respectively. The values 6mcr(2J+1)
of t; andt, obtained from the fit are given in Fig. 4 and are n nry s ,
in agreement with values obtained after resonant excitation x KM L, S]J“L +28|‘4f (L. S]] >
within the accuracy of fit and experiment.

As the concentration does notinfluence the lifetime of any, nere the matrix element of the magnetic-dipole operator
level, we can assume that the decay is governed mainly by ra- 2
diative transition and multiphonon relaxation. FoPEdoped L +2S ’(4“”“—’ S|J ’ L +29 ’4‘("[“ S1J')| are tabulated
materials the method based on the Judd-Ofelt (J-O) thder main strong transitions of magnetic-dipole character [24]
ory [18, 19] is often used to determine the contribution of ra-or can be calculated with the formula given in for ex-
diative transitions to the excitation decay and gives relativelample [23, 24].

I(t) = Ae"V/t —Be Y72, (1)

2

: ®3)
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On the other hand, oscillator strengths can be determined the case of LaGagEr+ is equal to 18 x 108, being

experimentally from the absorption spectrum as comparable with values obtained for other hosts, see for ex-
deam ample [17, 20, 21].

fexp = Seome” / a(r)da, (4) The £2; parameters were used further to calculate the ra-
Ne?AZ, diative rates of the electric-dipole transitions from lumines-

where g is a dielectric constantn and e are the elec- cent multiplets to lower states according to the formula

tron mass and charge, respectivelys the velocity of light, 167322 + 2)2
N is the concentration of optically active ionky, is the A = 3T

mean wavelength of the transition arfdx(1)dx is the in- 2Theor3(2J + 1)

tegrated absorption coefficient. The total oscillator strength ’ < n ’ tH npy />
is due to electron transitions of electric-dipole as well as x Z 2 |(4foIL, S]J| UTjj4fiIL’, S19
magnetic-dipole charactdey, = fed+ fmg, hOwever, in most

cases the magnetic-dipole component is of the orde® 10 |n the case of transitions containing both electric and mag-

and is negligible comparing with the electric-dipole com-netic components transition rates of magnetic-dipole charac-
ponent (16® —1075). In the case of Ef ions the absorp- ter were calculated as

tion transition4ll5/2 — 4 13/2 as well as emission transitions
413/2 — Y152 and #1112 — 41352 contain significant con- _ 2nn?e?
tribution of magnetic-dipole component which has to be cal-" ™~ £0MCA2
culated in the J-O approach according to (3). Comparing (4) o N
with (2) and (3) the set of equations for absorption transitiongvhere fmq is given by (3). The transition rate8eqs, Amd,
from the ground state to higher multiplets can be constructedranching ratiossi.; = Ai—.j/ >-; Ai.j) and calculated ra-
from which threes2; parameters can be determined in thediative lifetime (1/ 3", Ai_.j) for main EP* multiplets are
fitting procedure_ Usually, for Er-doped materials a set of summarised in Table 3. The values of calculated radiative life-
about eight up to eleven equations for transitions from thdime of the “113» multiplet are in good agreement with the
ground 4|15/2 state to multiplets up t3(37/2 can be used and measured lifetime, taking into account that discrepancies of
2, parameters are determined with a good accuracy [20—22yp to 20%-—30% can be easily introduced both experimen-
For the material investigated in this work, the set of severially and by the accuracy of the J-O approach. Whereas for
equations only was evaluated, as the oscillator strengths féhe “l132 — 152 transition the contribution of the nonra-
transitions to the high-lying multiplets could not be obtaineddiative processes should be negligible, from higher multiplets
from the absorption spectrum. In the fitting procedure the exke. from 4112, *Fg/2, and *S/> nonradiative transitions are
perimentally determined oscillator strengths listed in Table Pf a certain importance and the measured lifetimes can be
were used. much lower than calculated. To estimate the reliability of
The obtained2; parameters are2, = 3.59x 10~ cn?, obtained nonradiative transition rates one can apply the em-
24 =249x10%°cn?, and 2 = 0.44x 10-2Xcn?. As  pirical “exponential energy-gap law” [25]
a measure of a fit quality, the root mean square (RMS) devia-

2

(6)

t=2,4,6

X fmd, (7)

tion is often used: wnr = Ce*AE, (8)
RMS_ A f — > (Af)? 5 where the nonradiative transition rate is determinethas=
—At= M—3 |’ ®) r&})(S K) — 7 C anda are constants characteristic of the

host, AE is the energy gap to the next lower-lying multi-
whereA f; are the residuals between the experimentglf plet. The dependence of,, on the energy gap is presented
and calculated f5) oscillator strengthsM is the number in Fig. 5. In a logarithmic scale the dependence can be well
of equations. In spite of a relatively low number of transi-fitted linearly witha =5.3x 10 3cm 1, C=7.1x 10°s ™.
tions taken into account for calculation, the RMS deviationThose constants are in the range of values obtained for

Table3. Summary of the results of Judd—

Ofelt analysis: calculated branching ra- Transition Average Branching Trarlslition Tra_nlsition Calculated
tios and radiative lifetimes for main®r  between EY" wavelength ratigg j rate/s rate/s _ radiative
multiplets in LaGa@ multiplets of transitior Aedi— | Amdii—s | I|fet|ﬂ1_e| 0;; the
nm multipleyus
2Hy12 — 41z 798 0.021 335 60
4152 525 0.979 16365
4S50 — Yo 1716 0.061 116 530
117 1230 0.025 47
411372 846 0.266 501
A15/2 545 0.648 1223
Fg2— g 3700 0.001 5.6 209
Y11/ 2000 0.017 80
1372 1150 0.050 240
41572 658 0.932 4442
M2 —> g 2700 0.183 27 26 4255
41572 980 0.817 182

HNizp = Misp2 1536 1 145 92 4219
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other hosts ¢ ~3.5—-55x 1073, C~ 10— 10" [17,21, whereoas= a/N is absorption cross sectiol — dopant
25]). The values are similar to those for YAJ@rystale« =  concentrationZ,, Z, are partition function of lower (upper)
4.6 x 1073, C = 5x 107° [25]), which has somehow higher _ _ =] ~(Ej-Ez0)
maximal host phonon frequencies compared to Lagd@  Multipletrespectively?, = gie's™, 2, =3 gje 'eT
Raman phonon analysis of LaGaQee for example [26]). - : T
o i ; are degeneracies of the levels,; the energies of Stark

In the_ case Of.thés”/z level another additional channel of .I%iljels EZLgis the energy betweeEitjhe Iowesthtark levels of
decay arises at higher temperatures due to thermal occupati mhltiplets involved. TheZ,/Z,, for LaGaQ:Er** equals
of the 2H11/g level. The study of temperature dependence oY 54 E,, = 6580 le_’ The maL;(imum valué of the emis-
decay kinetics can be performed in the future to examine the; ;" - 5s5 section in the range of about 1550 nm derived
contribution of nonradiative processes in this material in mor%ccording to the above formula equal8 9 10-2-cn. The

detail. To a certain extent discrepancies between the expe ; : :
mental data and presented results of J-O treatment are dgth% Ofbg}[g%“)o‘i)scﬁ]wae gig\éeiggotrgzrr]ig%ﬂﬁ't){hrgeﬂggs_

to internal uncertainties of the method, see for example [24 red emission spectrum (Fig. 6, top), except for the spectral

and to experimental errors (determination of concentration, o \vhere the absorption was too weak to be recorded
and oscillator strengths, influence of radiation trapping effect above 1600 nm)

butdm general thed(es_ults fprr] LﬁG@(Hr% seemltg be r$lr|]able From the corrected emission spectrum recorded for the
an nhot |fn contrg. iction with t ehexE)erlmenta ?ta',, €good, .. . 4|, transition the emission cross sections was de-
match of nonradiative rates to the “energy-gap law” SUpportyyqq \sing the Fiichtbauer—Ladenburg formula:
the consistency of the J-O results obtained.
The knowledge of spectroscopic data is needed for the SIIeN)
estimation of parameters determining laser applications ofem(}) = 87N 2Ctrag [ A ()00,
materials, that is first of all emission cross sections. For the rad
two EF* transitions of a special interest for laser purposeswhere I(1) is the intensity of corrected spectrumyg is
i.e. Yl1g2 — 4152 (1.55um) and 112 — *l132 (2.85pum),  the radiative lifetime of the*l13, multiplet obtained from
emission cross sections can be determined from the sped-O analysis. The emission cross section for 1550 nm de-
troscopic data by two commonly applied methods, i.e. byrived by this method is 8 x 10~?1cm?. The consistency of
the so-called “reciprocity” method apidr by Flichtbauer— results obtained by the above methods is satisfactory. The
Ladenburg (F-L) method (for a detailed description see fodiscrepancy is possibly first of all due to the inaccuracy of
example [13]). For the transition to the ground stéte;, —  the determination of concentration. Comparing the results
4I15/2 both methods can be applied, for”all/z — 4I13/2 of the microprobe analysis taken in different regions of the
transition the F—L method only, as in this case the absorp-
tion cross section is not known directly from the absorption
measurement.
The “reciprocity” method allows us to determine the

(10)

wavenumber [cm™]
" 1 " 1 " " 1 n L

emission cross section as a function of wavelengt(1) — — : —
from the known ground-state absorption cross seetigga), 201 10
assuming that Stark level positions of both multiplets are 152 | g
known: @15 g
g :
hc D
Z| EZL — = o o
Oem(X) = Taps(A)— exp| ——= |, 9) 10 =
em(2) as()zu p kT ) 8 d
g
- ©
5_
80 0 | I
w_ = C exp(-a AE) wod
8.0 Kl
9 -1 .
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Fig.5. Dependence of the nonradiative transition rate on the energy gdfrs,, transition around 55um by the Fiichtbauer-Ladenburg metheap(
to the next lower multiplet depicted fdiFg 2, “Ss/2, and “l11/2 erbium layer) from emission spectrunsglid line), and by reciprocity method6t-
multiplets in LaGa@ crystal tom layer) from the absorption cross sectiosolid line)



162

crystal an error of 25% could be easily introduced (pres3 Summary
ence of other phases, inhomogenity of the dopant concen-
tration). Although the lifetime value obtained by the J-OlLaGaQ crystals doped with Bt were grown by Czochral-
analysis is in an agreement with experimental ones, the aski method and their optical properties were investigated. The
tual radiative lifetime could be lower, also contributing to positions of Stark energy levels were determined from low-
the discrepancy between the above values of emission crogsmperature spectra. The Judd—Ofelt analysis was performed
section. and the obtained radiative lifetimes are consistent with ex-
The maximum values of emission cross section obtainegerimental data. The nonradiative rates estimated for three
for LaGaQ:Ert for this spectral range are of the typical multiplets follow well the empirical energy-gap law. The
order or slightly higher than for some other materials invesemission cross sections estimated fof*Etransitions near
tigated (for exampleem at about 1550 nmis.3 x 1072'cnm?  1.55um and 285um are comparable to other materials in-
for YAIO3:Er [13], 33x 10 2tcn? for YSO:Er [15], vestigated so far. The advantageous feature of this material
45x10?tcn? for YAG:Er [13], 55x1072cn? for for a 285um laser transition could be a favourable lifetime
YLF:Er [27]). ratio for involved multiplets. However, for possible practi-
The emission cross section for tHe11, — “l132 tran-  cal application the technological problems with growth of
sition was derived using the Flchtbauer-Ladenburg forgood optical quality crystals with higher dopant concentration
mula (Fig. 7). The maximum value ofey, in the spectral should be overcome.
range of possible laser oscillation, i.e. for about 2800 nm is
about 3x 102X cn?. This value is somehow lower then esti- Acknowledgements. The author thanks Dr M. Berkowski from the Institute
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